Purdue University

Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference

School of Mechanical Engineering

2010

Exploring the Performance Characteristics of CO2
Cycles in a Breadboard-Type Test Facility
Claudio Melo
Polo Research Laboratories for Emerging Technologies in Cooling and Thermophysics

Gustavo Portella Montagner
Polo Research Laboratories for Emerging Technologies in Cooling and Thermophysics

Follow this and additional works at: http://docs.lib.purdue.edu/iracc
Melo, Claudio and Montagner, Gustavo Portella, "Exploring the Performance Characteristics of CO2 Cycles in a Breadboard-Type
Test Facility" (2010). International Refrigeration and Air Conditioning Conference. Paper 1017.
http://docs.lib.purdue.edu/iracc/1017

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html

2121, Page 1
Exploring the Performance Characteristics of CO2 Cycles in a
Breadboard-Type Test Facility
Gustavo Portella MONTAGNER, Cláudio MELO*
POLO National Institute of Science and Technology in Refrigeration and Thermophysics
Department of Mechanical Engineering, Federal University of Santa Catarina,
88040-970, Florianópolis, SC, Brazil, e-mail: melo@polo.ufsc.br

* Corresponding Author

ABSTRACT
This paper focuses on the study of CO2 thermodynamic cycles in order to explore design alternatives for light
commercial refrigeration systems. To this end, a testing apparatus was designed and built. With this apparatus the
operation conditions, component characteristics and cycle configuration can be easily modified, thereby allowing the
experimental evaluation of their effects on the system performance. This paper compares the thermodynamic
performance of a CO2 cycle assembled with a variable expansion device coupled to an active control of the
discharge pressure with that obtained by a conventional system, assembled with a capillary tube. It is shown that the
capillary tube system does not self-adjust to the variations in the operation conditions and therefore is penalized in
terms of performance when such variations occur. Additionally, it was demonstrated that the discharge pressure can
be properly controlled by adjusting the circuit refrigerant charge, thereby partially compensating the losses occurring
when the system diverges from the design point.

1. INTRODUCTION
In the current search for environmental-friendly cooling technologies, carbon dioxide (CO2, R-744) has been
recognized as a promising candidate to replace synthetic refrigerants in some applications since it is a natural, stable,
non-toxic, non-flammable and low GWP (global warming potential) substance (Kim et al., 2004). Carbon dioxide
was a refrigerant of widespread use before the advent of synthetic refrigerants in the 1930s. In the 1960s it almost
disappeared from the market until its revival in the 1990s. The light commercial refrigeration sector (beverage
coolers, display cabinets, chest freezers) is one of the potential niches for CO2 application. However, for CO2 to
become a viable technical and economical solution in this sector, the efficiency of the CO2 cycles must be at least
comparable to those of the present systems. With the current technology, CO2 cycles are less efficient than those
with synthetic refrigerants, thus requiring modifications at the component or cycle level in order to deal with some
CO2 particularities, such as the transcritical operation and the control of the discharge pressure. The existence of an
optimum discharge pressure in transcritical cycles has been identified by several researchers (Gosney, 1982; Kauf,
1999; Kim et al., 2004; Sarkar et al., 2004; Chen and Gu, 2005) who have shown that this pressure is mainly
dependent on the evaporation pressure and the gas cooler exit temperature. It was shown by Cabello et al. (2008)
and Aprea and Maiorino (2009) that, in most cases, in order to achieve a high degree of efficiency a fine tuning
adjustment of the discharge pressure is required. Regardless of the method chosen to control the discharge pressure,
adjustments must also be made in the expansion process in order to avoid variations in the evaporation pressure and
in the cooling capacity. Madsen et al. (2005) have shown that the efficiency of capillary tube-based systems tends to
decrease when diverging from the design point. This occurs mainly because the capillary tube is a fixed geometry
expansion device, unable to self-regulate according to the variations in the operation conditions. In such a case, Cho
et al. (2007) have shown that electronic expansion valves offer a great advantage in terms of performance. The use
of internal heat exchangers is also mandatory since the adoption of this component substantially increases the
system coefficient of performance (COP) (Cho et al., 2007). More complex modifications can also be introduced in
the cycle in order to attain a better COP. The use of turbines (Robinson and Groll, 1998) and ejectors (Elbel and
Hrnjak, 2008), for instance, are attempts to partially recover the thermodynamic losses occurring during the
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expansion process. Such losses may also be reduced by adopting dual-stage expansion systems which, in some
cases, may be coupled to a dual-stage compression strategy to attain even better efficiency levels. Cecchinato et al.
(2009) carried out a thermodynamic analysis of complex dual-stage cycle arrangements, showing performance gains
of up to 70% with respect to the standard cycle. The studies by Yang et al. (2007) and Cho et al. (2009) have also
highlighted the advantages of dual compression cycles with expanders. It may thus be stated that there is room for
improvement in the efficiency of CO2 systems, which could be achieved by considering different component and
cycle arrangements.

2. STUDY METHODOLOGY
3.1 Objectives
The search for considerable efficiency gains without understanding the basic aspects behind CO2 systems is not
good practice, since some simple options which might turn out to be viable solutions for certain applications may be
missed. In fact, light commercial refrigeration products require rather simple solutions since they are space and cost
constrained. In this regard, this paper focuses on the study of CO2 thermodynamic cycles in order to explore design
options for light commercial refrigeration systems. To this end the effects of the expansion device and refrigerant
charge on the system performance will be experimentally investigated. Furthermore analysis of the energy
performance when the system diverges from its design point will also be carried out. All experiments reported here
were performed using a purpose-built test facility with full control of all the operating conditions.

3.2 Experimental setup
The experimental apparatus is essentially a refrigeration system with a nominal cooling capacity of 600W that can
be easily rearranged to study different cycle configurations. Figure 1 shows three photographs of the testing
apparatus, while Figure 2 gives a schematic of the standard cycle configuration. The refrigeration loop is comprised
of a 1.75 cm3 reciprocating compressor, three oil separators, a gas cooler, an evaporator, an expansion device, an
accumulator and an internal heat exchanger. Additionally, a cell charge was added to the circuit to control the
amount of refrigerant contained in the system. Both the gas cooler and the evaporator are counter-flow tube-in-tube
heat exchangers with an internal diameter of 6.35 mm. The discharge, suction and liquid lines are all made of 6.35
mm I.D. stainless steel. The heat transfer rates, both in the evaporator and in the gas cooler, are controlled by two
secondary heat transfer loops, the former using a solution of ethylene glycol as the heat source and the latter using
water as a heat sink. Pressure and temperature measurements are taken at several points of the circuit. The CO2 and
the secondary loop flow rates are measured by Coriolis and turbine-type flow meters, respectively. Power, voltage
and current supplied to the compressor are also measured by specific transducers. The output signals from the
transducers and thermocouples are recorded through a computerized data acquisition system. The sensors and their
measurement range and accuracy are listed in Table 1.

(A)

(B)

(C)

Figure 1. Photographs of the experimental setup. (A) overview, (B) cycle assembling space,
(C) cold and warm thermostatic baths and cell charge
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4. RESULTS
The initial tests were carried out with a basic cycle configuration, without the internal heat exchanger and with a
capillary tube of 0.78 mm I.D. and 1500 mm length, designed to achieve an evaporating temperature of -7oC (Silva
et al., 2009), referred to as system 1. Firstly, the optimum refrigerant charge was determined by varying the amount
of refrigerant contained in the loop from 208g to 310g. During these tests the refrigerant temperature at the exit of
the gas cooler and the brine temperature at the exit of the evaporator were kept constant, at 38oC and 5oC,
respectively. To this end, the gas cooler and the evaporator heat transfer rates were adjusted by varying the flow
rates of the secondary fluids, while maintaining their inlet temperatures at 32oC and 12oC, respectively. The system
behavior during the charging process has been extensively discussed by Montagner and Melo (2010). In summary, it
was found that there is a single combination of capillary tube and refrigerant charge that provides the ideal discharge
pressure and an almost null superheating.

Figure 2. Schematic representation of the testing rig showing the standard cycle configuration as an example
Table 1. Instrumentation
Sensor
41
2
2
1
1
1
1
1
1
1

Measured Parameter
Temperature (°C)
Pressure (bar)
Pressure (bar)
CO2 mass flow (kg/h)
Brine volume rate (m3/h)
Coolant volume rate (m3/h)
Compressor Power (W)
Compressor Current (A)
Compressor Voltage (V)
Refrigerant charge (g)

Device
Omega T-type thermocouple
HBM pressure transducer
HBM pressure transducer
Siemens Coriolis
Sponsler turbine
Sponsler turbine
Yokogawa transducer
Yokogawa transducer
Yokogawa transducer
Electronic scale

Range
-50.0 – 150.0
0 – 100
0 – 200
0 – 30
0.0102 – 0.226
0.0156 – 0.341
0 – 1000
0–5
0 – 220
0 – 5000

Accuracy
±0.23
±0.20
±0.41
±0.0041
±0.00054
±0.00336
±1.44
±0.0072
±0.317
±0.05

Figure 3 shows that system 1 attained a maximum COP of 0.92, at a refrigerant charge of 288 g. It can also be seen
that the compressor power increased linearly with the refrigerant charge, while the cooling capacity reached a
maximum value of 560 W, at a refrigerant charge of 298 g. Figure 4 shows that the evaporating temperature varied
from -18ºC to -7ºC as a result of the refrigerant charge variation. It also shows that the liquid front was gradually
moved towards the end of the evaporator as more refrigerant was added to the system. The maximum cooling
capacity was attained when the liquid front reached the evaporator outlet and the superheating approached zero. The
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effect of the refrigerant charge on the discharge pressure is illustrated in Figure 5, where an almost linear
relationship is shown. When the optimum discharge pressure was reached, at around 96 bar (Sarkar et al., 2004), the
highest COP of the system was found. Therefore, system 1 optimum design conditions are as follows: refrigerant
charge of 288 g, cooling capacity of 548 W, evaporation temperature of -7.5ºC, superheating of 2ºC, discharge
pressure of 96 bar and COP of 0.92.

Figure 3. Cooling capacity, compressor power and COP vs. refrigerant charge – system 1

Figure 4. Evaporator temperature vs. refrigerant charge – system 1

Figure 5. Pressures and COP vs. refrigerant charge – system 1
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It should be emphasized that these optimum conditions refer exclusively to a gas cooler outlet temperature of 38ºC.
To explore the effect of this parameter on the system performance additional tests were carried out maintaining the
refrigerant charge at 288 g and the water flow rate at 114 kg/h while varying the water temperature at the inlet of the
gas cooler. Figure 6 shows that the compressor power increased by 9% while the system COP and cooling capacity
decreased by 40% and 34%, respectively, when the gas cooler exit temperature was varied from 34oC to 45oC.

Figure 6. Cooling capacity, compressor power and COP vs. gas cooler outlet temperature – system 1
Figure 7 shows that the evaporating temperature, the superheating and the discharge pressure increased 1.5ºC, 2.6ºC
and 14%, respectively, when the gas cooler outlet temperature changed from 34oC to 45oC. The behaviors shown in
Figures 6 and 7 were close to those expected, since the capillary tube is a fixed restriction expansion device, and
does not self-adjust to the variations in the operating conditions.

Figure 7. Evaporator temperatures and cooling capacity vs. gas cooler outlet temperature– system 1
A first level of control was added to the refrigeration loop by introducing a needle valve working in series with a
capillary tube of 0.78 mm I.D. and 600 mm length, in order to maintain the evaporating temperature constant. The
optimum charge for this new cycle, referred to as system 2, was determined as before, by varying the amount of
refrigerant contained in the system but changing the valve opening to maintain the evaporation temperature at 7.5oC. All other cycle parameters remained unchanged. As expected, for a refrigerant charge of 288 g, system 2
showed the same operational behavior as that obtained with system 1, since the needle valve-capillary tube pair
provides the same flow restriction as that of the original capillary tube. System 2 was also exposed to variations in
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the operating conditions, where decreases of 31% and 24% were observed in the system COP and cooling capacity,
respectively, when the gas cooler outlet temperature was varied from 34oC to 45oC.
Figure 8 shows that system 2 was able to keep the evaporation temperature at a constant value of -7.5ºC, regardless
of the gas cooler outlet temperature. Conversely, the evaporator superheating was strongly affected by the variation
in the operating conditions, with impacts on the system cooling capacity and COP. The discharge pressure was also
affected by the gas cooler outlet temperature in a way similar to that observed with system 1.

Figure 8. Evaporator temperatures and cooling capacity vs. the gas cooler outlet temperature – system 2
A second level of control was added to the system by regulating the refrigerant charge at each valve opening to
match the discharge and optimum pressures. This new configuration, referred to as system 3, employs the same
needle valve-capillary tube pair as system 2 and also a cell charge. The needle valve is expected to control the
evaporation temperature while the cell charge controls the discharge pressure with some impact on the evaporator
superheating. Table 2 compares the test results obtained with the three configurations at different gas cooler outlet
temperatures. It can be noted that the cooling capacity and compressor power of system 3 is, on average, 10% and
5% higher than that of the system 1, respectively. Furthermore, system 3 provides higher COP values than system 1,
with improvements of 3%, 6% and 8% at the gas cooler outlet temperatures of 40oC, 42oC and 45oC, respectively.
Table 2. Effect of the operating conditions

5. CONCLUSIONS
This paper reports some of the findings of a research study carried out to evaluate experimentally the
thermodynamic behavior of CO2 cycles, in an attempt to identify the best cycle option for a given application under
certain operation conditions. It was shown that there is a single combination of capillary tube and refrigerant charge
that provides the ideal discharge pressure and guarantees the proper filling of the evaporator. Systems with capillary
tubes are not able to self-adjust in response to the variations in the operation conditions, and therefore they are
penalized in terms of performance when such variations occur. It was also shown that a need valve in series with a
capillary tube is an effective means to control the evaporating pressure and that with such a configuration the system
was less affected by the operating conditions. Furthermore, it was shown that the discharge pressure can be properly
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controlled by the refrigerant charge, with some impact on the evaporator superheating. The variable expansion and
discharge pressure-controlled system provides a higher cooling capacity and COP than the original capillary tube
system, for all the operating conditions. Further studies are underway and the results will be reported in due course.
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